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The formation of 4-hydroxy-2-nonenal (HNE) conjugates with glutathione (GSH) by Michael
addition and subsequent cleavage to yield the related mercapturic acid (MA) conjugates are a
major detoxication process. To characterize the metabolic pathways involved in the formation
of urinary HNE—MA conjugates in the rat, the metabolism of HNE—thioethers (HNE—GSH,
HNE—MA, and HNE—Cys) by rat liver and kidney cytosolic fractions was investigated. The
experimental results showed that HNE—GSH is a good substrate for cytosolic incubations
whereas HNE—MA and HNE—Cys are poorly metabolized. About 80% of the urinary MA
conjugates originate from the primary and major HNE metabolite, namely, the hemiacetalized
HNE—GSH. The direct reduction of HNE—GSH by a cytosolic aldo-keto reductase (NADPH)
leads to 1,4-dihydroxynonene—GSH (DHN—GSH) and subsequently to DHN—MA. The direct
oxidation of HNE—GSH by aldehyde dehydrogenase (NAD)* leads to 4-hydroxynonenoic—
lactone—GSH, the partial hydrolysis of which occurs at physiological pH and accounts for the
corresponding 4-hydroxynonenoic—GSH. Both the spontaneous- and the glutathione S-
transferases-catalyzed retro-Michael cleavages of HNE—GSH and HNA—lactone—GSH are the
source of HNE and HNA—lactone, respectively. This latter compound, with both lipophilic and
electrophilic properties, is available for microsomal w-hydroxylation by cytochrome P450 4A
enzymes and conjugation with thiol groups and therefore is the most likely candidate for the

formation of w-hydroxylated HNE—mercapturic acid conjugates excreted in rat urine.

Introduction

HNE? is a major aldehydic product resulting from the
in vivo lipoperoxidation of membrane and lipoprotein w-6
unsaturated fatty acids (1—3). This compound, considered
as a “second toxic messenger of oxygen free radicals” is
cytotoxic, possibly genotoxic, and responsible for enzyme
inactivation (ref 4 and for reviews, see refs 5 and 6). Its
high reactivity is expected to be at least partially
responsible for the damages observed in free radical
pathology. Nevertheless, this compound can also act as
a bioactive molecule in either physiological or pathologi-
cal conditions such as excessive fibrogenesis in various
chronic diseases, inflammatory reactions, or neuronal
degeneration and may participate in gene expression
regulation, cell signaling, and growth (for recent reviews,
see refs 7—10). The main defense system against HNE
toxicity is the capability of the cells to inactivate this
alkenal by various biotransformation pathways, which
are not completely elucidated yet.

When administered in vivo, labeled HNE is rapidly
metabolized and mainly excreted into urine (11, 12) as a
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polar group of free w-oxidized metabolites from HNA and
their MA conjugates and a group of less polar MA
thioethers originating from the metabolism of the alde-
hyde moiety. After iv administration of HNE, these two
groups of metabolites accounted for 40—50 and 30% of
the injected dose, respectively (11). This pattern indicates
that both oxidation reactions and GSH conjugation are
the main metabolic pathways for HNE metabolization.
Moreover, in vitro studies concerning HNE metabolism
performed with isolated hepatocytes (13, 14), hepatoma
cells (15), enterocytes (16), erythrocytes (17), liver slices
(18), and perfused organs such as liver, kidney, and heart
(17, 19, 20) suggest that HNA and HNE—GSH account
for the major and primary metabolites of HNE. The
current study was undertaken in order to (i) give a more
precise insight into the different pathways involved in
the formation of HNE urinary metabolites, (ii) determine
the role of liver and kidney in the biotransformation of
this compound, and (iii) tentatively identify the enzymes
involved in HNE metabolism. Therefore, the parent
HNE—GSH and the two thioether derivatives HNE—Cys
and HNE—MA were incubated with rat liver and kidney
cytosolic fractions. In addition, HNA—lactone was incu-
bated with rat liver microsomes to investigate the pos-
sible implication of w-hydroxylation, as it was previously
shown that microsomal P450 4A isozymes were involved
in the metabolization of HNE in mice and that these
metabolites originating from w-oxidation represent a
large amount of urinary metabolites (21, 22).

© 2003 American Chemical Society

Published on Web 02/07/2003



Downloaded by FRENCH NATL INST AGRICULTURAL RSRCH on September 8, 2015 | http://pubs.acs.org

Publication Date (Web): February 7, 2003 | doi: 10.1021/tx025671k

Intermediate Pathways of HNE Metabolism

Materials and Methods

Chemicals. Silicagel 60 TLC plates (0.25 mm, 5 cm x 20
cm) were purchased from Merck (Nogent-sur-Marne, France).
Disulfiram, pyrazole, phenobarbital, NADH, NADPH, and GSTs
from rat liver (EC 2.5.1.18) were purchased from Sigma (Saint
Quentin-Fallavier, France).

All solvents and reagents used for the preparation of buffers
and HPLC eluents were of the highest purity grade available
from Merck. Ultrapure water from Milli-Q system (Millipore,
Saint Quentin en Yvelines, France) was used for HPLC eluent
preparation.

HNE, DHN, HNA, DHN-GSH, HNA—-MA, HNA—lactone—
MA, and DHN—MA were synthesized as previously described
(11, 23). HNA—lactone—GSH was synthesized as 90OH-HNA—
lactone—MA (21), using GSH instead of N-acetylcysteine. HNA—
lactone was obtained by retro-Michael cleavage of HNA-—
lactone—GSH catalyzed by GSTs.

[4-*HIHNE (purity >95%; specific activity, 222 GBg/mmol)
was synthesized at CEA (Service des Molécules Marquées-CEN,
Saclay, France) as diethylacetal, according to the method
developed in our laboratory (24).

HPLC. The HPLC system consisted of a 420 Kontron pump
(Zurich, Switzerland) equipped with a 500 uL loop and a
Hypersil ultrabase ODS column (5 um, 250 mm x 7 mm) from
Shandon (Eragny, France) protected by a precolumn (Kromasil
C18, 10 um) and connected to a Gilson 202 fraction collector
(Gilson, Villiers-le-Bel, France).

All of the experiments were carried out at room temperature
(19—22 °C). The mobile phases were delivered at 2.3 mL/min,
and the fractions were collected in 4 tubes/min.

The separation of HNE—GSH metabolites was performed
using a two step elution with a mobile phase containing 15%
acetonitrile and 85% acetic acid (1%, v/v) for 37.5 min and then
a mobile phase containing 30% acetonitrile and 70% water for
22.5 min.

For the separation of HNE—MA and HNE—Cys metabolites,
a two step elution was used with a mobile phase containing 20%
acetonitrile and 80% acetic acid (1%, v/v) for 45 min and then a
mobile phase containing 30% acetonitrile and 70% water for 30
min.

MS. ESI/MS analysis was carried out on a Nermag R-10-10-H
single quadrupole instrument (Delsi Nermag Instruments,
Argenteuil, France) fitted with an Analytica ESI source (Bran-
ford, CT) and on a Finnigan LCQ quadrupole ion trap mass
spectrometer equipped with the Finnigan ESI source (Thermo
Finnigan, Les Ulis, France). The conditions applied to the
Analytica ESI source were as follows: needle, ground potential;
surrounding electrode, —2500 V; end plate/nozzle, —3500 V;
metallized inlet end of the glass transfer capillary, —4500 V.
Those applied to the ESI Finnigan source were as follows:
needle, —4500 V; heated transfer capillary, 5—20 V. Structural
information was obtained by carrying out MS" experiments on
the LCQ instrument under automatic gain control conditions
and using helium as the collision gas. lon isolation and collision
conditions were optimized separately for each metabolite to gain
maximal structural information.

GC/MS analysis was performed on a Nermag R-10-10-T single
quadrupole instrument coupled to a Delsi DI 200 (Delsi Nermag
Instruments) gas chromatograph fitted with a BPX5 (25 m x
0.22 mm x 0.2 um) capillary column (SGE, Villeneuve Saint
Georges, France). The samples were injected in the splitless
mode. Helium was used as the carrier gas at a flow rate of 1
mL/min with a back pressure of 0.8 bar. The oven temperature
was programmed as follows: 50 °C for 50 s, and then from 50
to 230 °C at 25 °C/min, and from 230 to 270 °C at 5 °C/min.
The injector and interface temperature were 270 °C. EI mass
spectra were generated at 70 eV with an emission current of
200 uA at a source temperature of 220 °C.

Derivatization for GC/MS Analysis. The dry extracts were
methylated by addition of 50 uL of etheral diazomethane. After
30 min at room temperature, the solvent was removed under a
nitrogen stream. The residue was then dissolved in a mixture
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of N,O-bis-trifluoroacetamide/trimethylchlorosilane (Pierce Chemi-
cal, Rockford, IL) in a 99:1 ratio and heated at 60 °C for 1 h.
The solvent was evaporated at 30 °C under nitrogen stream,
and hexane (20 uL) was added to the residue. One microliter of
the solution was injected into the gas chromatograph.

Synthesis of HNE—Thioether Conjugates. HNE—GSH
and HNE—MA were synthesized by reaction of HNE (0.06 mmol,
0.4 MBq) with L-GSH or N-acetyl-L-Cys (0.1 mmol) in 5 mL of
0.1 M sodium phosphate buffer, pH 7.5, at 37 °C overnight.
Unreacted HNE was vortex-extracted with 4 x 5 mL dichlo-
romethane, and the aqueous phase was brought to pH 1-2 (1
M H3PO,) and applied to a 1 g C18 cartridge (Supelco, Saint
Quentin-Fallavier, France). The cartridge was washed with 20
mL of 1% (v/v) acetic acid, dried with a nitrogen stream, and
then eluted with 10 mL of methanol. HNE—Cys was synthesized
as follows: stoichiometric amounts of racemic HNE (0.06 mmol,
0.4 MBq) and L-Cys were reacted in water (pH 7.5) under N at
37 °C overnight. The reaction mixture was then treated as
described for HNE—GSH and HNE—MA. The three thioether
conjugates were characterized by ESI/MS".

HNE—GSH is present as a cyclic hemiacetal (25, 26), and it
is likely that this cyclic structure also occurs in HNE—MA and
HNE—-Cys. HNE—GSH and HNE—MA conjugates consisted of
four HPLC resolved diastereoisomers, while HNE—Cys diaste-
reoisomers remained partially unresolved (results not shown).
IH and 3C NMR showed that each diasterecisomer consisted
of a pair of enantiomers.

Radioactivity Determination. The samples (cytosolic su-
pernatants and HPLC fractions) were counted in a model 4330
Packard Tricarb scintillation counter (Packard Instrument Co.,
Downers Grove, IL) with Ultimagold (Packard) as the scintil-
lation cocktail.

Cytosolic Incubations. Wistar rat liver and kidney cytosols
were prepared as previously described (27). Protein concentra-
tions were determined by the method of Lowry (28). All of the
incubations were performed in 25 mL Corex centrifuge tubes
in a shaking water bath at 37 °C under nitrogen for 2 h. Control
incubations consisted of 0.1 M sodium phosphate buffer (pH 7.5)
containing 2.5 mg of liver or kidney cytosolic proteins and the
thioether substrate (0.2 umol, 2 KBq). Some incubations were
supplemented with 0.5 umol NADPH or 0.5 umol NADH in 0.1
mL of 0.1 M sodium phosphate buffer (pH 7.5). For the
incubations performed in the presence of inhibitors, pyrazole
or phenobarbital were added at a final concentration of 10 and
1 mM, respectively. The inhibition of ALDH by disulfiram was
performed as follows: sodium phosphate buffer containing 2.5
mg of cytosolic proteins (2 mL final volume) was added with 10
uL of a 20 mM disulfiram solution in dimethyl sulfoxide, and
the sample was preincubated for 30 min at 37 °C. The resulting
sample was then added with the thioether substrate and again
with 10 uL of a 20 mM disulfiram solution (giving a final
concentration of 0.2 mM disulfiram) and incubated for 2 h at
37 °C.

Analysis of HNE—Thioether Conjugate Metabolites. The
cytosolic incubation mixtures were vortex-extracted with 4 mL
of dichloromethane and centrifuged (10 000g for 5 min). The
dichloromethane phase was recovered and filtered on a Separa-
tion Phase Filter (Whatman SP1, Whatman, Maidstone, U.K.).
This treatment was repeated three times. The combined dichlo-
romethane extracts were concentrated to 1 mL under vacuum
at room temperature, and a 20 uL aliquot was counted. The
dichloromethane extract was concentrated again to about 100
uL and applied to an activated (120 °C, 20 min) TLC plate, which
was developed with toluene/ethyl acetate (80:20). The radioac-
tive spots were detected with a TLC Linear Analyzer LB 2832
(Berthold France, La Garenne Colombes, France) and scraped
off. The silica was extracted with dichloromethane or dichloro-
methane/methanol (90:10), and the analytes were characterized
by ESI/MS" or GC/MS.

The aqueous phase was gassed off with a nitrogen stream to
remove dichloromethane traces. The aqueous sample was added
with 4 vol of methanol and placed at 0 °C for 15 min to



Downloaded by FRENCH NATL INST AGRICULTURAL RSRCH on September 8, 2015 | http://pubs.acs.org

Publication Date (Web): February 7, 2003 | doi: 10.1021/tx025671k

322 Chem. Res. Toxicol., Vol. 16, No. 3, 2003

Alary et al.

Table 1. Metabolites Amounts Obtained with Rat Liver and Kidney Cytosolic Fractions with Three Different

HNE-Thioethers as Substrate, Expressed as the Percentage of the Substrate Dose?

proposed identification % with liver % with kidney
metabolite identification method cytosol cytosol
HNE—-GSH
aqueous phase
Gl DHN-Cys ESI/MS 1.7+05 34+04
G2 HNE-Cys ESI/MS (18) 14+04 3.7+0.7
G3 DHN—-GSH ESI/MS 6.7+£15 5.0+0.8
G4 HNE—-GSH ESI/MS (18) 220+15 255+40
G5 HNA-lactone—Cys ESI/MS 24+04 4.6 +0.7
G6 HNA-lactone—GSH ESI/MS 239+53 253+ 6.6
G7 HNA GC/MS (methylation 35+0.8 44+10
and silylation)
organic phase
G8 (Rf0.02) DHN GC/MS (silylation) 42 +0.6 35+08
G9 (Rf 0.26) HNE GC/MS (silylation) 10.2 £ 0.7 7.8+0.9
G10 (R¢ 0.52) HNA-—lactone ESI/IMS 11.1+0.8 95+1.2
HNE-MA
M1 HNE-Cys ESI/MS (18) 74+18 21.1+23
M2 HNA-lactone—GSH ESI/MS <2 <2
M3 DHN-MA ESI/MS <1 <1
M4, M5 HNE—MA ESI/MS 81+20 63.5+3.8
M6 DHN comp. with std <2 <2
M7 HNA comp. with std <2 3.3+05
M8 HNA—lactone—MA comp. with std <2 <2
M9 HNE GC/IMS 3.1+0.8 3.7+0.9
HNE—-Cys
C1 HNE-Cys ESI/MS (18) 785+ 3.2 778 +4.3
c2 HNA-lactone—Cys comp. with std 20+11 1.8+0.9
C3 HNA-lactone—GSH comp. with std <1 <1
C4 DHN GC/MS 3.3+05 35+0.6
C5 HNA GC/MS 45+0.9 45+1.1
C6 HNE GC/IMS 28+0.9 3.2+038

a8 The results are the mean of three individual determinations + SD. For HNE—Cys and HNE—GSH, the fragmentation pattern is

indicated in the cited reference.

precipitate proteins and then centrifuged (10 000g for 10 min).
The supernatant was evaporated under vacuum at 45 °C to
about 1 mL, diluted to 10 mL with distilled water, and brought
to pH 1—-2 with 1 M H3PO,4 (200 uL). The resulting sample was
loaded onto a 360 mg C18 Sep Pak Plus cartridge preconditioned
with 5 mL of methanol and 10 mL of 1% (v/v) acetic acid. The
cartridge was washed with 10 mL of 1% (v/v) acetic acid, dried
under a nitrogen stream, and eluted with 5 mL of methanol.
The eluate was evaporated to dryness under vacuum at 45 °C
and the residue, redissolved in 450 uL eluent, was analyzed by
HPLC. The radioactive protein pellet was dissolved in 1 mL of
0.2 M NaOH and directly counted. Preliminary experiments
showed that the amounts of dichloromethane extractable me-
tabolites formed with HNE—MA and HNE—Cys as substrates
were very low; therefore, the extraction step was deleted for
these substrates. The incubation mixture was directly loaded
on the C18 cartridge, and the resulting methanolic eluate was
evaporated to dryness under vacuum at room temperature and
analyzed by HPLC.

Results

A. In Vitro Metabolism of HNE—Thioether Con-
jugates. After incubation of rat liver or Kidney cytosolic
fractions, the three different HNE—thioethers substrates
were partially metabolized (Table 1). Radio-HPLC chro-
matograms of HNE—GSH and HNE—MA metabolites are
shown in Figures 1 and 2, respectively. The radio-HPLC
chromatogram of HNE—Cys metabolites (not shown) was
qualitatively identical to that of HNE—MA. About 2% of
the starting radioactive dose remained in the protein
pellet. The structure of the different metabolites was
obtained by mass spectrometry or by comparison with
authentic standards (Table 1).
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Figure 1. Typical radio-HPLC profile of [4-3H]J[HNE—-GSH
nonextractable metabolites from incubation with rat liver cytosol
as described in the Material and Methods section.
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Figure 2. Typical radio-HPLC profile of [4-*H]JHNE—MA
metabolites from incubation with rat kidney cytosol as described
in the Material and Methods section.
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Table 2. ESI/MS" and GC/MS Fragments lons Observed for HNE—Thioether Metabolites Obtained from Rat Liver and
Kidney Cytosolic Fractions and for e-Hydroxylated HNA—Lactone Obtained with Rat Liver Microsomal Fraction?

ESI/MS? ESI/MS?
m/z m/z interpretation

ESI/MS®

m/z interpretation proposed structure

G1 280 [M + H]* 262 [DHN—Cys + H — H,0]"

G3  466[M+H]* 448 [DHN—GSH + H — H,0]*
319 [DHN—GSH + H — glutamic acid]™
258 [HNA—lactone—Cys + H — H,0]"
122 [Cys + H]*
155 [HNA—lactone + H]"
G6 460 [M — H]~ 442 [HNA—lactone—GSH — H — H,0]~
M2 306 [GSH — H]~
G10 155 [M + H]*" 137 [HNA-lactone + H — H,0O]"

109 [CH3—CHy—CHz—CHa—

CH=CH-CH=CH]*

G5 276 [M+ HJ*

244 [DHN—Cys + H — 2H,0]* DHN-Cys
122 [Cys + H]*
141 [DHN + H — H.0]*

DHN—-GSH

HNA-—Ilactone—Cys

HNA-lactone—GSH

81 [CH3—CH,—CH=CH—CH=CH]*
67 [CH3—CH=CH—CH=CH]*

HNA-—Ilactone (Figure 3)

S 171 [M + H]* 153 [MH — HO1* 9-hydroxy-HNA—lactone
125 [HOCH,;—CH,—CH>—
CH,;—CH=CH—-CH=CH]*
GC/IMS
m/z interpretation proposed structure

G7 243 [M — CHg]* HNA

227 [M — CH30]*

199 [M — CH3 — CO,]"

187 [(CH3)3—Si—O—CH=CH—-COOCHj3]"
G8 287 [M — CH3]* DHN

231 [(CH3)3—Si—0O—CH—-CH=CH—-CH,—0—Si—(CHs)s]"

173 [CH3—(CH2)4—CHO—Si—(CHs) 3]7199 [M — CH,-O—Si—(CHj3)s]*

147 [(CH3)2,—Si—0O—Si—(CHa)s]*
G9 228 [M]*+* HNE

213 [M — CH3]*
199 [M — CHOJ*
184 [M — CH3—CHOJ™

157 [(CH3)s—Si—O—CH—CH=CH-CHO]*

a Metabolites in the first column are named as described in Table 1. Metabolite S is the metabolite obtained during the incubation of
HNA-—Ilactone with rat liver microsomal fraction. Bold m/z ions indicate the selected ion for further fragmentation.

The characterization of metabolites was performed by
ESI/MS or GC/MS analysis (Table 1), and fragmentation
patterns are given in Table 2.

To confirm the structures, the fragmentation was
compared to that of an authentic standard. Because of
the low available amounts of metabolites obtained with
HNE—-Cys and HNE—MA as substrates, most of these
metabolites were characterized only by comparison of
their retention time with those of authentic synthesized
standards, and a confirmation of the structure by ESI/
MS" was performed only when required.

As no authentic standard of HNA—lactone was avail-
able for the comparison of metabolite G10 fragmentation
pattern (Figure 3) and as Mw 154 could also correspond
to that of 4-oxo-nonenal, a possible metabolite of HNE,
additional investigations were performed to unambigu-
ously characterize this metabolite. No hydrazone forma-
tion occurred when metabolite G10 was reacted with 2,4-
dinitrophenylhydrazine in acidic medium, in contrast to
what occurs with 4-oxo-nonenal. Moreover, hydrolysis of
G10 (0.1 M NapHPO,, pH 8.9, 5 h, 25 °C) afforded 46%
HNA. This chemical behavior together with the frag-
mentation pattern unambiguously characterize metabo-
lite G10 as HNA—Ilactone.

To clarify metabolic pathways, additional incubations
were performed in the presence of inhibitor or added
cofactor. The more relevant experimental results are
summarized below.

A.l. Formation of DHN—GSH from HNE—GSH.
Incubations performed with HNE—GSH and rat liver and
kidney cytosolic fractions in the presence of 10 mM

pyrazole, a potent inhibitor of ADH, or in the presence
of added NADH cofactor did not modify the formation of
DHN—-GSH as compared to that of control incuba-
tions. The addition of 0.5 umol of NADPH increased
DHN—GSH levels when compared to those obtained in
control incubations: 15 vs 6.7% and 11 vs 5% with liver
and kidney cytosolic fractions, respectively. Incuba-
tions performed in the presence of 1 mM phenobar-
bital resulted in a 40% inhibition of the HNE—GSH
reduction.

A.2. Formation of Oxidized Metabolites. A.2.1.
Formation of HNA-Lactone—GSH from HNE-
GSH. Cytosolic incubations performed with HNE—GSH
as substrate in the presence 0.2 mM disulfiram, a potent
ALDH (NAD*-dependent) inhibitor gave a 95% depletion
of the HNA—lactone—GSH formation, as compared to
control incubations.

A.2.2. Formation of HNA—Lactone from HNA—-
Lactone—GSH. Incubation of HNA—lactone—GSH stan-
dard with liver cytosolic fraction, for 2 h at 37 °C and
pH 7.5, afforded HNA—lactone at about 10% of the
HNA—lactone—GSH dose.

A.2.3. Formation of HNA—Lactone—GSH from
HNA-Lactone. Incubations of HNA—lactone (2 h, 37
°C, pH 7.5) with GSH, with or without GSTs, afforded
85% of HNA—lactone—GSH.

A.2.4. Formation of HNA—Lactone from HNA.
When HNA was placed in mild acid conditions (0.05 M
H,PO,, 37 °C, overnight), no HNA—lactone formation
occurred, while in the same conditions, 4-hydroxy-
nonanoic acid spontaneously lactonized.
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Figure 3. Positive ESI/MS/MS product ion mass spectrum of metabolite G10, the lactone of HNA.

A.2.5. Formation of HNA-Lactone—Cys from
HNA—-Lactone—GSH or HNE—Cys. Cytosolic incuba-
tions performed with HNA—lactone—GSH as substrate
gave small amounts of HNA—lactone—Cys. With HNE—
Cys standard as substrate in the same conditions, low
amounts of HNA—lactone—Cys were also formed.

A.2.6. Origin of HNA—Lactone—MA and HNA-
Lactone—GSH from HNA—MA and HNA—-GSH, Re-
spectively. In mild acid conditions (1 h, 20 °C, pH 2),
the spontaneous lactonization of the two carboxylic acid
conjugates occurred with an 80% vyield.

A.2.7. Hydrolysis of HNA—-Lactone—GSH, HNA—-
Lactone—MA, and HNA—Lactone. In physiological
conditions (37 °C, pH 7.5, 24 h), HNA—lactone—GSH and
HNA-—lactone—MA afforded 30% of HNA—GSH and
HNA—MA, respectively. In the same conditions, HNA—
lactone was completely resistant to hydrolysis.

A.3. Retro-Michael Cleavage of HNE—Thioethers.
Spontaneous retro-Michael cleavage of HNE—GSH per-
formed in sodium phosphate buffer (2 h, 37 °C, pH 7.5)
afforded 2.2% of HNE. The same incubation carried out
for 1 h in the presence of 5 units of purified rat liver GSTs
afforded increased HNE levels accounting for 9.3% of the
thioether dose. Spontaneous retro-Michael cleavage also
occurred when HNE—MA or HNE—Cys standards were
incubated at 37 °C (pH 7.5) for 2 h, yielding 2.5 and 10%
HNE, respectively.

B. w-Hydroxylation of HNA—Lactone. To give
insight into the metabolic pathways involved in the
formation of w-hydroxylated MA conjugates previously
evidenced in rat urine (21), HNA—Ilactone (50 nmol) was
incubated for 2 h at 37 °C and pH 7.5 with rat liver
microsomes (3 mg proteins) and afforded (20% vyield) a
compound (S) more polar than HNA—lactone, which was
characterized by ESI/MS" as 9-hydroxy-HNA—lactone
(Table 2).

Discussion

The current experimental study provides evidence that
rat liver and kidney cytosolic fractions are effective in

further metabolizing the primary and major HNE me-
tabolite, namely, HNE—GSH, at the HNE hemiacetal
moiety. In contrast, HNE—Cys and HNE—MA, which are
secondary metabolites of HNE—GSH, were poorly me-
tabolized at the Cy chain moiety by these cytosolic
fractions. The only important metabolization of these two
substrates concerns the GSH moiety: HNE—Cys, which
originates from N-deacetylation of HNE—MA, was formed
in large amounts with kidney cytosolic fractions due to
the higher activity of cytosolic N-deacetylases in this
organ as compared to the liver (29, 30).

These results are consistent with the following in vivo
results. First, after HNE injection, HNE—MA originating
from HNE—GSH only accounted for trace amounts in rat
urine (11). Second, in rats injected iv with PH]JHNE—
MA, 47% of the unchanged compound was excreted in
the urine (unpublished result). Moreover, it is likely that
the results of our in vitro study underestimate the
capacity of HNE—GSH to be metabolized by redox
reactions, because of the lack of cofactors (NADPH,
NAD™) in control incubations.

DHN—-MA, the Major Urinary HNE Metabolite
Originates from HNE—-GSH. DHN-MA, which is
present in urine of untreated rats and humans (31), was
proposed as a noninvasive biomarker of in vivo lipid
peroxidation (11, 12). It appears to be of primary impor-
tance to experimentally investigate its formation path-
ways from HNE. DHN—MA originates from DHN—GSH,
and this conversion involves y-glutamyltranspeptidase,
cysteinyl-glycine dipeptidase, and N-acetyltransferases.
The activity of the first two enzymes is considered to be
lower in rat liver, as compared to kidney (32, 33).
Moreover, these enzymes are membrane-bound and their
presence in the cytosolic fractions most likely results from
a slight contamination during the preparation of these
subcellular fractions. The results concerning the low
amount of HNE—Cys as a metabolite of HNE—GSH
(Table 1) are consistent with the proposed origin of
HNE—-Cys.

In the cytosolic incubations performed with HNE—
GSH as substrate, the major compound resulting from
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reductive metabolism was DHN—-GSH that reached
about 6% of the incubated dose. Because of the absence
of a polarized double bond in DHN, which precludes
direct Michael addition of GSH to DHN, several authors
(12, 17, 23) proposed that the formation of DHN—GSH
should result from the direct reduction of HNE—GSH.
Our supplementary experiments in the presence of
specific inhibitor or cofactor clearly showed that NADH-
dependent ADH was not involved in the reduction of
HNE—-GSH to DHN—GSH. In contrast, incubations
supplemented with NADPH as reductive cofactor and
phenobarbital as inhibitor showed that the enzyme(s)
involved in this reduction is cytosolic, NADPH-depend-
ent, and phenobarbital-inhibited, three properties that
correspond to aldose reductase, which belongs to the AKR
superfamily. Indeed, this enzyme purified from bovine
lens has been shown to reduce HNE and HNE—GSH to
DHN and DHN—GSH, respectively (34). This enzyme has
also been recently implicated in the reduction of HNE—
GSH to DHN—GSH in aortic endothelial cells (35) and
was shown to be more effective in reducing glutathiolated
aldehydes than the related free aldehydes (36). However,
other data showed that this enzyme is not well-expressed
neither in rat nor in human liver (37, 38). Nevertheless,
the current results clearly characterize DHN—GSH as a
metabolite of HNE—GSH when using rat liver cytosolic
preparations, and DHN—MA was formally characterized
in human urine (31). As aldose reductase and the other
members of the AKR superfamily share multiple common
properties and overlapping substrate specificites and in
the absence of unquestionable data, it must be borne in
mind that AKR(s) should be involved in the reduction of
HNE—-GSH to DHN—GSH. Moreover, it was shown that
HNE could induce the expression of another member of
the AKR superfamily, namely, aldehyde reductase gene,
in rat aortic smooth muscle cells (39). Recently, it was
also shown that AKR1C1, a human liver AKR, could
reduce HNE to DHN with even higher efficiency than
human liver aldehyde reductase (AKR1A1) (40). How-
ever, the efficiency of these enzymes toward HNE—GSH
remains to be established.

All Oxidized Mercapturate Derivatives of HNE
Originate from the Direct Oxidation of HNE—GSH.
In a previous work, we showed that HNA—MA and
HNA-—lactone—MA were the main MA derivatives from
oxidative metabolism of HNE administered in vivo (11).
At that time, it was suspected that HNA—lactone—MA
was formed by the lactonization of HNA—MA following
the exogenous mild acidification (1 h, 20 °C, pH 2)
required for SPE/HPLC procedures (21). In such experi-
mental conditions, chemical lactonization of HNA—GSH
standard afforded only 80% of HNA-—lactone—GSH.
However, in the current study with HNE—GSH as the
substrate incubated with cytosolic fractions, no HNA—
GSH was found whereas HNA—lactone—GSH accounted
for more than 20% of the radioactive starting dose,
suggesting that HNA—lactone—GSH should be formed
by an endogenous metabolic pathway. However, at physi-
ological pH, the lactonization of HNA—GSH cannot occur
since the COOH group of HNA—GSH is in the carboxy-
late form. These two points preclude any endogenous or
exogenous formation of HNA—lactone—GSH from HNA—
GSH. Although HNA is present in the control incubations
with HNE—GSH as substrate, we cannot hypothesize the
formation of HNA—lactone—GSH from HNA since HNA
cannot lactonize, even in mild acid conditions because of
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the presence of the double bond, and cannot be conju-
gated with GSH, due to the negative charge of the
carboxylate at physiological pH. The most likely possibil-
ity of HNA—lactone—GSH formation is the direct oxida-
tion of the CHOH group of the cyclic hemiacetal of HNE—
GSH to the corresponding oxo group by cytosolic ALDH
(NAD") leading to the formation of the lactone group, as
confirmed by the additional experiments carried out in
the presence of disulfiram, a potent ALDH inhibitor. This
pathway is strongly supported by the presence of HNA—
lactone—GSH in the complete absence of HNA—GSH.
This previous formation of the lactone ring implies that
the eventual corresponding carboxylic compound origi-
nates from the physiological hydrolysis of the lactone ring
at pH 7.5.

We show here that HNA—lactone, which is present in
our incubations in relatively high amounts, could be at
the origin of the polar conjugates found in vivo in the
urine of rats administered with HNE (21). Indeed, rat
liver microsomal incubations carried out with HNA—
lactone as substrate show that this compound was
w-hydroxylated. The capacity of HNA—lactone to undergo
w-hydroxylation and the presence in the molecule of
polarizable conjugated double bonds required for a con-
jugation reaction make this compound the most likely
candidate for the formation of w-hydroxylated conju-
gates.

HNE and HNA—-Lactone Thioethers Release the
Parent Compounds by Retro-Michael Cleavage.
Free metabolites of HNE—thioether derivatives, namely,
HNE, DHN, HNA, and HNA-lactone, were found in the
cytosolic incubations with the three HNE—thioethers.
Because of the presence of two conjugated double bonds,
HNE and HNA-Ilactone account for soft electrophiles,
which give spontaneous Michael addition with thiol
compounds and a GST-catalyzed conjugation with GSH.
The occurrence of this spontaneous forward reaction
implies that of the reverse reaction. On the contrary,
because DHN and HNA are not electrophilic compounds,
neither the forward addition nor the reverse reaction
occurs. With HNE—GSH (HNA—lactone—GSH not tested)
as the substrate, our in vitro study showed that the retro-
Michael reaction was GST-catalyzed, a finding consistent
with other GSH conjugates (41—43). Subsequently, the
HNE formed by retro-Michael cleavage undergoes direct
redox reactions, which accounts for the formation of DHN
and HNA.

The electrophilic compounds HNE and HNA—lactone
are exported from the cell and transported elsewhere as
thioether conjugates, which can release the active parent
compound in physiological conditions. However, in vivo,
the retro-Michael cleavage should occur at a low extent,
since (i) the GST-catalyzed cleavage of GSH conjugates
proceeds intracellularly, where both GSTs and a high
level of GSH are localized; (ii) the ratio of the formation/
cleavage of GSH conjugates is severalfold in favor of the
former reaction in physiological conditions, and it can be
expected that the levels of free compounds originating
from retro-Michael cleavage should remain very low,
especially in the case of HNE and HNA-—lactone for
which the cyclic form of the conjugate stabilizes the
structure (44); (iii) in vivo, it can be anticipated that the
two major sources of HNE by retro-Michael cleavage,
namely, HNE—GSH and HNE—Cys, are readily trans-
formed into HNE—MA, which is a poor substrate for
retro-Michael cleavage and is readily excreted in urine;
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Scheme 1. Proposed Metabolic Pathways for the Formation of HNE—GSH Metabolites in Rat Liver and
Kidney Cytosolic Fractions (Continuous Line Arrows) and Subsequent In Vivo Reactions (Dotted Arrows)
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